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BACKGROUND OF THE INVENTION 

[0001] The present invention is directed generally to frequency synthesizers. 
[0002] Frequency synthesizers are widely used in modem radio communication systems. 
Such devices typically make use of a single quartz-controlled (i.e., crystal) reference oscillator 
combined with a phase-locked loop (PLL) to provide a multitude of output frequencies traceable 
to the highly stable reference from the oscillator. 

[0003] Figure 1 is a block diagram of a conventional digital PLL frequency synthesizer. A 
high frequency, tunable voltage controlled oscillator (VCO) 10 generates a signal (the "output 
signal") that is fed to the output port of the device via a buffer amplifier 12. A sample of the 
output signal is fed via a high-speed prescaler 14 (such as a fixed modulus frequency divider) 
and a programmable (divide by N) divider 16 to a digital phase/frequency detector 18, which is 
typically comprised of a pair of D-type flip-flops. The phase/frequency detector 18 also receives 
a reference input signal from a reference divider 20. 

[0004] Error signals in the form of pulse width modulated pulse trains are produced at the 
output port of the phase/frequency detector 1 8, which are fed to an active filter 22. The active 
filter 22 integrates the error signals to produce a voltage control signal used to control the VCO 
10. When the PLL is locked, it acts as a servo system to maintain equal frequency signals at 
both inputs of the phase/frequency detector 18. Therefore, the output signal frequency signal 
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will change if the division ratio of the programmable divider 16 (which is received by the 
programmable divider as a command signal) is changed. 

[0005] The operation of this type of Integer-N PLL frequency synthesizer may be described 
mathematically. In particular, 
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where Fioop is the frequency of the output signal from the programmable divider 16, Font is the 
frequency of the output signal, P is the division ratio of the prescaler 14, and TV is the division 
ratio of the programmable divider 16. The PLL acts to maintain 
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where Fref is the frequency of the reference signal output from the reference divider 20 and R is 
the division ratio of the reference divider 20. Therefore, 
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Differentiating equation (4) with respect to N yields: 
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This is the step size of the output signal or, in other words, the change in frequency in the output 
signal caused be changing the programmable division ratio Nhy one increment. Using the 
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example frequencies and division ratios shown in Figure 1, the phase comparison frequency may 

1 1 ^ t. 1750 MHz 

be calculated to be F^^^ = ^ ^^^^ = 50 kHz. 

[0006] The PLL of Figure 1 will exhibit an effective loop bandwidth determined by the time 
constant of the loop filter 22. Typically the loop bandwidth used in PLLs of this type is between 
ten and one hxmdred kilohertz. 

[00071 The natural phase noise of the VCO 10 is suppressed at carrier-offset values less than 
the loop bandwidth. Phase noise performance in this region is normally limited by the so-called 
"phase comparator noise floor" (PCNF) of the phase/frequency detector 18. The PCNF 
represents the smallest difference in phase that the phase/frequency detector 18 can resolve and 
is normally expressed as a power level in a 1 Hz bandwidth relative to a reference carrier. The 
absolute PCNF of the best digital phase/frequency detectors available at this time is on the order 
of-213dBc/Hz. The phase noise at the output of the PLL of Figure 1 may be predicted 
mathematically to be: 



PCNF^^ =PCNF{abs) + mog,oF^^^ +201og 
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where PCNF(abs) is the absolute PCNF. For the PLL of Figure 1, therefore, 



PCNF^, =-213 + 101og,o(50xlO') + 201og 
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for an output signal center frequency of 1750 MHz. 

[0008] From the above, it can be seen that the PCNF is strongly dependent on the output 
frequency and the step size. 
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[0009] With this in mind, high capacity microwave radio systems often make use of "high 
density modulation" schemes, such as 128 QAM (128 state Quadrature Amplitude Modulation), 
which require the use of low noise oscillators in both tiie radio transmitter and receiver. Such 
radio systems also typically require digital tuning of both the transmit and receive frequencies. 
This combination of requirements has been satisfied with the use of frequency synthesizers based 
on either YIG (Yttrium Iron Gamate) tuned oscillators or so-called "composite sources," formed 
by mixing signals from two or more oscillators. YIG synthesizers tend to be highly microphonic 
and produce phase hits (i.e., small but very rapid changes in the output signal frequency) when 
subjected to changing ambient temperature. Composite sources on the other hand are complex 
and tend to be expensive to produce. 

[0010] Accordingly, there exists a need for a frequency synthesizer operable at high 
frequencies (such as microwave frequencies) that is capable of being tuned in very small 
frequency steps while maintaining excellent phase noise performance. 



SUMMARY OF THE INVENTION 

[0011] In one general respect, the present invention is directed to a frequency synthesizer. 
According to various embodiments, the frequency synthesizer may include a phase locked loop 
(PLL) having an analog mixer phase detector. In addition, the frequency synthesizer may 
include an auxiliary digital frequency detector coupled to the phase locked loop. 
[0012] According to various implementations, the PLL may include a programmable divider 
having an input terminal responsive to an output signal of the frequency synthesizer and having 
an output terminal coupled to an input terminal of the analog mixer phase detector. The PLL 
may also include a loop filter having an input terminal coupled to an output terminal of the 
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analog mixer phase detector. In addition, the PLL may include a voltage controlled oscillator 
(VCO) having a control terminal coupled to an output terminal of the loop filter. The 
programmable divider may include a direct digital synthesizer. 

[0013] Additionally, the auxiliary digital fi-equency detector may have an input terminal 
coupled to the output terminal of the programmable divider via a comparator. In addition, the 
frequency synthesizer may include a differential integrator circuit coupled to the output of the 
auxiUary digital fi-equency detector. The output terminal of the differential integrator circuit 
may be coupled to a timing capacitor of the loop filter via a steering resistor. Accordingly, for 
various embodiments of the present invention, if the PLL is out of lock, the auxiliary digital 
frequency detector may detect the sense of tiie frequency error and thereby cause the current 
(referred to herein as the "steering current") to flow into or out of the loop filter timing capacitor. 
This, in tum will cause the voltage applied to the VCO control port to ramp up or down at a rate 
set by the time constant of the steering resistor and the timing capacitor. When the VCO reaches 
a frequency such that the output signal from the analog mixer phase detector is within the pass- 
band of the loop filter, the PLL will acquire and fiiU phase lock may be achieved. 
[0014] Such a frequency synthesizer may exhibit low phase noise and fine step digital 
tuning. Further, low microphonic commercial VCO's may be used according to various 
embodiments of the present invention. These and other benefits will be apparent from the 
detailed description to follow. 

DESCRIPTION OF THE FIGURES 

[0015] Embodiments of the present invention will be described by way of example in 
conjunction with the following figures, wherein: 
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Figure 1 is a block diagram of a conventional digital PLL frequency synthesizer; 

Figure 2 is a block diagram of a frequency synthesizer according to various 
embodiments of the present invention; 

Figure 3 is a diagram of the auxiliary digital frequency detector of the frequency 
synthesizer of Figure 2 according to various embodiments of the present invention; 

Figure 4 is a more detailed diagram of the frequency synthesizer of Figure 2 
according to various embodiments of the present invention; and 

Figures 5 is a graph showing the phase noise performance of a frequency 
synthesizer according to an embodiment of the present invention; and 

Figure 6 is a graph of the phase noise performance of a conventional PLL 
frequency synthesizer. 

DETAILED DESCRIPTION OF THE DsfVENTION 

[0016] Figure 2 is a block diagram of a frequency synthesizer 30 according to various 
embodiments of the present invention. As shown in Figure 2, the frequency synthesizer 30 
includes a phase locked loop 31, comprising a voltage controlled oscillator (VCO) 32, an 
amplifier buffer 34, a prescaler 36, a programmable divider 38, an analog mixer 40 and a loop 
filter 42. The VCO 32 may produce an output signal that is fed to the amplifier buffer 34. A 
sample of the output signal is fed via the prescaler 36, having a prescaler division ratio P, to the 
programmable divider 38, whose progranmiable division ration iV^ is set by a command signal 
from, for example, an external controller (not shown). The prescaler 36 may be, for example, a 
fixed modulus frequency divider. 
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[0017] The programmable divider 38 may output two differential signals, represented as A 
and A in Figure 1 . The differential outputs A and A are fed to a first input terminal of the analog 
mixer 40 via a series of circuit elements, including a balun transformer 44, a bandpass filter 46 
and an amplifier 48, for appropriately driving the analog mixer 40. For convenience hereinafl:er, 
the output signal fi-om the programmable divider 38 is referred to as the "loop signal." 
[0018] The analog mixer 40 may act as an analog phase comparator to detect the phase 
difference between the loop signal and a reference signal that is fed to a second input terminal of 
the analog mixer 40. Hence, the analog mixer 40 is referred to hereinafter as the "analog mixer 
phase detector 40.'' If the loop signal and the reference signal have the same fi-equency, the 
output error signal of the analog mixer phase detector 40 may be a DC signal whose voltage is 
proportional to the phase difference between the two input signals and is zero when the two 
signals are in phase quadrature (i.e., 90^ out of phase). The voltage of the analog mixer phase 
detector 40 output signal will be a maximum positive value when the two signals are in phase 
and a maximum negative value when the signals are in opposite phase (i.e., 180^ out of phase). 
The error signal fi-om the analog mixer phase detector 40 is fed to the loop filter 42, which may 
integrate the signal fi-om the analog mixer phase detector 40 to thereby produce the control 
voltage signal for the VCO 10. 

[0019] Analog phase detectors implemented as analog mixers often exhibit excellent phase 
noise performance. The PCNF (absolute) for such modem devices has been measured to be on 
the order of -230 dBc/Hz, almost 20 dB better than with digital phase detectors. Analog mixer 
phase detectors, however, suffer fi-om one major drawback, which is their inability to 
automatically acquire phase lock when used in a conventional PLL. 
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[0020] In order to overcome this drawback, embodiments of the present invention, as shown 
in Figure 2, may additionally include an auxiliary digital frequency detector 50. The auxiliary 
digital frequency detector 50 receives a first input signal, which is the output signal from a 
comparator 52. The comparator 52 may receive the differential outputs A and A of the 
programmable divider 38 at its inputs to produce a signal referred to herein for convenience as 
the "comp signal." The loop signal and the comp signal may have substantially the same 
frequency. The auxihary digital frequency detector 50 also receives the reference signal at a 
second input to thereby sense the relative frequency difference between the reference signal and 
the comp signal. 

[0021] The output pulses from the auxiliary digital frequency detector 50 are fed to a 
differential integrator circuit 54, which produces an output voltage, whose polarity and amplitude 
is proportional to the sense and magnitude, respectively, of the frequency difference between the 
reference signal and the comp signal, as determined by the auxiliary digital frequency detector 
50. The output of the differential integrator circuit 54 may be connected to the primary timing 
capacitor 80 of the loop filter 48, as shown in Figure 4, via a steering resistor 78. 
[0022] If the PLL 3 1 is out of lock, the auxiliary digital frequency detector 50 will detect the 
sense of the frequency error and will thereby cause the "steering current" to flow into or out of 
the loop filter timing capacitor 80. This, in turn will cause the voltage applied to the VCO 10 
control port to ramp up or down at a rate set by the time constant of the steering resistor 78 and 
the timing capacitor 80. When the VCO 10 reaches a frequency such that the output signal from 
the analog mixer phase detector 40 is within the pass-band of the loop filter 48, the PLL 3 1 will 
acquire and full phase lock may be achieved. 
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[0023] Figure 3 is a diagram of the auxiliary digital frequency detector 50 according to 
various embodiments of the present invention. As shown in Figure 3, the auxiUary digital 
frequency detector 50 may include two D-type flip-flops 60, 62. The flip-flops 60, 62 may be, 
for example, model NC7SZ175 flip-flops from Fairchild Semiconductor. The clock terminal 
("CK") of the first flip-flop 60 may be responsive to the reference signal and the clock terminal 
of the second flip-flop 62 may be responsive to the comp signal from the comparator 52. The D 
terminals of the respective flip-flops may be held high to a logic "1" by being connected to a 
voltage bus (Vcc). The R- terminals of the flip-flops 60, 62 may be connected to the output 
terminal of a NAND gate 64. The NAND gate 64 may be, for example, a model NC7SZ00 
NAND gate from Fairchild Semiconductor. The output signals from the auxiliary digital 
frequency detector 50, respectively shown as "Up" and "Down" in Figure 3, may be input to the 
differential integrator circuit 54 and may be the outputs from the Q terminals of the respective 
flip-flops 60, 62. The outputs from the Q terminals may also be the inputs to the NAND gate 64, 
as shown in Figure 3. 

[0024] Figure 4 is a more detailed diagram of the frequency synthesizer 30 according to 
various embodiments. As shown in Figure 4, the programmable divider 38 (see Figure 2) may 
be implemented as a direct digital synthesizer (DDS) 70. The DDS 70 may be a digitally 
programmable, complete high frequency synthesizer capable of generating a frequency-agile 
analog output signal sinusoidal waveform at up to 200 MHz, and may act as a fractional divider 
in the frequency synthesizer 30 of the present invention. As such, the DDS 70 may fractionally 
divide the pre-scaled output signal from the VCO 32 to generate a loop signal of a relatively high 
frequency, such as on the order of 50 MHz. Such a high frequency loop signal permits fine 
digital tuning of the output signal. According to one embodiment, the DDS 70 may be realized 
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with a model AD9954 DDS from Analog Devices. The AD9954 DDS additionally includes a 
comparator. Therefore, the comparator 52 may also be realized with use of the AD9954 DDS. 
[0025] Also as shown in Figure 4, the differential integrator circuit 54 may include an 
operational amplifier 72 configured as an integrator, having its inverting input connected via a 
resistor 74 to the ''up" output signal from the auxiliary digital frequency detector 50 and having 
its non-inverting input connected via a resistor 76 to the "down" output signal from the auxiliary 
digital frequency detector 50. The output signal from the differential integrator circuit 54 may be 
connected to the steering resistor 78. The steering resistor 78 may be connected to the primary 
timing capacitor 80 of the loop filter 48. 

[0026] As shown in Figure 4, the loop filter 48 may also include an operational amplifier 82 
configured as an integrator. The non-inverting input terminal of the operational amplifier 82 
may be connected to a constant voltage (such as ground), and the inverting input terminal may be 
connected to the output terminal of the analog mixer phase detector 40. The loop bandwidth for 
the loop filter 48 is set by the primary timing capacitor 80 and the timing resistors 84, 86. As 
explained previously, if the PLL 3 1 is out of lock, the auxiliary digital frequency detector 50 will 
detect the sense of the frequency error and will thereby cause the "steering current" to flow into 
or out of the loop filter timing capacitor 80. This, in turn will cause tiie voltage applied to the 
VCO 10 control port to ramp up or dovm at a rate set by the time constant of tiie steering resistor 
78 and the timing capacitor 80. When the VCO 10 reaches a frequency such that the output 
signal from the analog mixer phase detector 40 is within the pass-band of the loop filter 48, the 
PLL 31 will acquire and fiiU phase lock may be achieved. 

[0027] As also shown in Figure 4, the frequency synthesizer 30 may include a line receiver 
circuit 90 for converting the sinusoidal reference signal to a square wave for use by the auxiliary 
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digital frequency detector 50. In addition, the frequency synthesizer 30 may include a logic gate 
92 responsive to, for example, the reference signal (output from the line receiver 90) and the 
comp signal from the comparator 52 to thereby provide an extemal lock indication to other 
components of the radio system in which the frequency synthesizer 30 is employed. According 
to one embodiment, the logic gate 92 may be an XOR gate, such as a model NC7SZ86 XOR gate 
from Fairchild Semiconductor. In addition, as shown in Figure 4, the frequency synthesizer may 
include an additional amplifier buffer 92. 

[0028] Phase noise performance of an embodiment of the frequency synthesizer 30 of the 
present invention has been measured. For the measurements, the following parameters were 
used: 

Font = 2300 MHz 
F;.e/=42MHz 

Prescaler Division Ratio P = 8 

Floop signal ^ Fcomp signal ~ 42 MHz. 

It should be recognized that a loop signal frequency on the order of 42 MHz is significantly 
greater than in conventional PLL frequency synthesizers. The phase noise performance for such 
an embodiment is shown in Figure 5. Notably, it can be seen in Figure 5 that the '*mid-band" 
phase noise in the frequency offset region between 1 kHz and 10 kHz lies between -95 and -100 
dBc/Hz. The performance represents approximately a 20 dB improvement over conventional 
designs, as can be seen from Figure 6, which shows the phase noise performance for a 
conventional PLL frequency synthesizer. 

[0029] While several embodiments of the invention have been described herein, it should be 
apparent that various modifications, alterations and adaptations to those embodiments may occur 
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to persons skilled in tiie art with the attainment of some or all of the advantages of the present 
invention. It is therefore intended to cover all such modifications, alterations and adaptations 
without departing from the scope and spirit of the present invention as defined by the appended 
claims. 
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